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High temperature heat pumps (HTHPs) with heat sink temperatures in the range of 100 to 160°C are expected to 
become increasingly commercialized in the coming years. Major applications have been identified, particularly in the 
food, paper, metal and chemical industries, especially in drying, sterilization, evaporation, and steam generation 
processes. With the intensification of the F-gas regulations, only refrigerants with low GWP may be used in the near 
future. Replacement fluids for the currently applied hydrofluorocarbons (HFCs) R245fa and R365mfc are required.  
The actual research gap in the field of HTHPs is to extend the limits of efficiency and heat sink temperature to higher 
values, while using environmentally friendly refrigerants. Natural refrigerants such as water (R718) or hydrocarbons 
(e.g. R601 or R600) are promising candidates. However, special heat pump cycle designs with multi-stage 
recompression or sophisticated safety measures against flammability are needed, which can increase system costs. 
Various hydrofluoroolefins (HFOs) and hydrochlorofluoroolefins (HCFOs) have recently been developed, which 
exhibit very low GWPs, are non-flammable and show potential for use at high temperatures (i.e. their critical 
temperatures are above 150°C). The thermodynamic properties of these fluids allow subcritical heat pump operation 
at condensation temperatures in the range of about 100 to 160°C.  
This paper investigates the environmentally friendly HFOs R1336mzz(Z) and R1234ze(Z) and the HCFOs 
R1233zd(E) and R1224yd(Z) and compares the coefficient of performance (COP) and the volumetric heating capacity 
(VHC) with the HFC refrigerants R365mfc and R245fa at different condensation temperatures and temperature lifts. 
Based on simulations and literature findings, a single-stage HTHP with internal heat exchanger (IHX) has been 
designed and built to test the performance of various refrigerants and high-viscosity oils. The established laboratory 
scale HTHP provides 10 kW heating capacity and heat sink temperatures of 80 to 150°C. The system operates with a 
variable-speed reciprocating compressor and has an oil separator installed on the discharge side of the compressor. 
The IHX is used to ensure adequate superheating control. The system design, theoretical simulations and first 
experimental test results with R1233zd(E) are presented.   
 





High temperature heat pumps (HTHPs) with heat sink temperatures in the range of 100 to 150°C are suitable systems 
for waste heat recovery in various industrial processes, such as drying, sterilization, steam generation, papermaking, 
or food preparation (Arpagaus et al., 2018). Low-temperature waste heat can be upgraded efficiently into usable high-
temperature heat. Moreover, multi-temperature heat pump systems are suitable to make use of multiple waste heat 
sources and sinks at different temperature levels in order to further increase system efficiency (Arpagaus et al., 2016). 
In the area of HTHP technology development there is high research activity. Various experimental R&D projects are 
currently running on an international level to push HTHPs from the laboratory scale towards industry (Arpagaus et 
al., 2018). The main research goals are extending the limits of heat sink temperatures to higher values, improving heat 
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pump efficiency, and testing new environmentally friendly refrigerants. With the intensification of the F-gas 
regulations only refrigerants with a GWP smaller than 150 may be used in new heat pumps for commercial use by 
2022. The HFC refrigerants R245fa and R365mfc are subjected to phase down (i.e. production and consumption) in 
most developed countries. Natural refrigerants, such as water (R718) (Bertsch et al., 2018; Chamoun et al., 2014; De 
Larminat et al., 2014), or hydrocarbons like R600 (Bamigbetan et al., 2017; Moisi & Rieberer, 2017; Wemmers et al., 
2017) and R601 (Yamazaki & Kubo, 1985) are promising environmentally friendly replacement candidates. However, 
special heat pump cycle designs with multi-stage recompression or sophisticated safety measures against flammability 
are required, which can increase system costs.  
In recent years, various HFOs and HCFOs have been developed with very low GWPs, non-flammability, and great 
potential for use at high temperatures. Heat sink temperatures of almost 160°C are reported by using the HFO 
R1336mzz(Z) (Fleckl et al., 2015; Helminger et al., 2016). Other studies report on fluids with no further published 
information on the chemical composition, such as LG6 (Reißner et al., 2013) ÖKO1 (contains R245fa) (Wilk et al., 
2016), ECO3 (contains R245fa) (Bobelin et al., 2012; Peureux et al., 2012), HT125 (Noack, 2016), BY-4 (Yu et al., 
2014), or BY-5 (Zhang et al., 2017). Most experimental studied cycles are single-stage. A few studies investigated 
two-stage cycles (Bamigbetan et al., 2017) or circuits with additional subcoolers for combined water heating (Bobelin 
et al., 2012; Wemmers et al., 2017). The experimentally achieved COPs in the laboratory systems range from about 
5.7 to 6.5 at 30 K temperature lift and 2.2 to 2.8 at 70 K, respectively (Arpagaus et al., 2018).  
This paper investigates R1336mzz(Z), R1234ze(Z), R1233zd(E), and R1224yd(Z) in terms of their suitability for 
application in HTHPs. Theoretical simulations compare the COPs and VHCs with the HFC refrigerants R365mfc and 
R245fa at different condensation temperatures and temperature lifts of 30 and 70 K. Based on those findings, a single-
stage laboratory scale HTHP system has been designed and built with a heating capacity of 10 kW and heat sink 
temperatures of 80 to 150°C. The theoretical simulations, the system design consideration, and the first experimental 
test results with the refrigerant R1233zd(E) are presented.   
 
2. THEORETICAL SIMULATION 
 
2.1 Refrigerants selection 
Table 1 compares the properties of the low GWP HFO and HCFO refrigerants R1336mzz(Z), R1234ze(Z), 
R1233zd(E) and R1224yd(Z). The advantages of R1336mmz(Z) are the high critical temperature of 171.3°C at a 
feasible pressure of 29.0 bar. Its safety class is A1, and it has a GWP of 2, an ODP of 0, and an atmospheric life of 
only 22 days (Myhre et al., 2013). Chemours is about to commercialize R1336mzz(Z) under the brand Opteon™ MZ. 
It is stable up to 250°C for organic Rankine cycles, waste heat recovery applications, and steam generation 
(Kontomaris, 2014). Laboratory tests have shown that the material compatibility relative to copper and steel is similar 
to that of R245fa. Polyol ester oil (POE) with high viscosity is recommended as lubricant, as it is fully miscible over 
wide ranges of temperatures and compositions. Relatively little information is available on R1234ze(Z), which has a 
critical temperature of 150.1°C and a critical pressure of 35.3 bar (Kondou & Koyama, 2015). Its GWP is < 1 (Myhre 
et al., 2013) and its flammability is rated with A2L (Fukuda et al., 2014). R1234ze(Z) is assessed as a promising drop-
in substitute for R114 in HTHP applications (Brown et al., 2009). 
R1233zd(E) with a critical temperature of 165.5°C and a critical pressure of 35.7 bar is available as Solstice®zd from 
Honeywell and is recommended for HTHP applications. Although R1233zd(E) contains chlorine, its ODP is extremely 
small (0.00034) due to the short atmospheric life of 40.4 days (Patten & Wuebbles, 2010). 
 
Table 1. Properties of HFO and HCFO refrigerants suitable for HTHP application. ODP (UNEP, 2017), GWP100 
(Myhre et al., 2013), SG: Safety group classification (ASHRAE, 2016), NBP: Normal boiling point at 1.013 bar, M: 
molecular weight, Approximate sales price per kg refrigerant (based on a 10 kg container, prices from PanGas, 
Climalife, and Solvay, October 2017), n.a.: price not yet available but the refrigerant is close to market.  
 

















R1336mzz(Z)a CF3CH=CHCF3(Z) 171.3 29.0 0 2 A1 33.4 164.1 n.a. 
R1234ze(Z)b CF3CH=CHF(Z) 150.1 35.3 0 <1 A2L 9.8 114.0 n.a. 
HCFO 
R1233zd(E)c CF3CH=CHCl(E) 166.5 36.2 0.00034 1 A1 18.0 130.5 50 
R1224yd(Z)d CF3CF=CHCl(Z) 155.5 33.3 0.00012 <1 A1 14.0 148.5 n.a. 
HFC 
(for comparison) 
R365mfce CF3CH2CF2CH3 186.9 32.7 0 804 A2 40.2 148.1 80 
R245faf CHF2CH2CF3 154.0 36.5 0 858 B1 14.9 134.0 57 
 
aOpteon™ MZ from Chemours, bFukuda et al. (2014), cSolstice®zd from Honeywell (2016), dAMOLEA®1224yd from AGC Chemicals (2017), 
eSolkane®365mfc from Solvay, fGenetron® 245fa from Honeywell. 
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R1224yd(Z) is another A1 non-flammable HCFO refrigerant designed mainly for use in centrifugal chillers and waste 
heat recovery heat pumps. AGC Asahi Glass is going to market the refrigerant as Amolea®1224yd with commercial 
production beginning in early 2018 (AGC Chemicals, 2017). With an almost zero ODP (0.00012, atmospheric life of 
21 days) and a GWP < 1, R1244yd(Z) has little impact on the environment. Its physical properties are close to R245fa 
and R1233zd(E). Furthermore, it has also good compatibility with most commonly used metals, plastics, and 
elastomers, and it is miscible with POE oils.  
From a price perspective, R1233zd(E) costs about 50 EUR per kg, which is comparable to R245fa (57 EUR per kg) 
or R365mfc (80 EUR per kg). The prices of R1336mzz(Z) and R1224yd(Z) are not yet available but the refrigerants 
are close to market introduction. 
 
2.2 Cycle selection 
In order to compare the thermodynamic efficiency of the selected refrigerants, a simulation was performed for an 
idealized heat pump cycle with internal heat exchanger (IHX). Figure 1 illustrates the different thermodynamic states. 
This heat pump cycle offers a simple configuration and requires only a minimum number of equipment components. 
It is most favorable as a tradeoff between cycle complexity and efficiency (Moisi & Rieberer, 2017). A sufficiently 
high superheating is necessary to ensure a dry compression and to avoid cutting the saturation curve during 
compression, especially at high temperature lifts. An IHX is a simple concept for realizing the required superheating 
and simultaneously subcooling the liquid after condensation. The minimum superheat depends mainly on the 
refrigerant type, the condensation and evaporation temperatures, and the isentropic compressor efficiency. 
R1233zd(E) and R245fa require less than 10 K minimum superheat (Moisi & Rieberer, 2017), while R1336mzz(Z) 
requires at least 11 K superheat for a 40 K lift (based on isentropic compression ηis=1) (Kontomaris, 2013).  
 
 
 = ℎ	 − ℎ                   (1) 
 
 = ℎ	 − ℎ ℎ	 − ℎ⁄      (2) 
Figure 1. Heat pump cycle with IHX and log(p)-h diagrams of R1233zd(E) (∆TSH,I = 5 K at compressor inlet) and 
R1336mzz(Z) (∆TSH,II  = 5 K at compressor outlet) at 60°C evaporation and 130°C condensation (70 K lift).  
 
2.3 Assumptions 
The simulation model was developed using the software EES (V10.268, Klein, 2017), assuming: 
• A constant compressor isentropic efficiency of 0.7 (Bobelin et al., 2012; Kontomaris, 2014) 
• 5 K superheating (∆TSH,I) at compressor inlet (suction) for R1233zd(E), R1234ze(Z), and R245fa 
• 5 K superheating (∆TSH,II) at compressor outlet (discharge) for R365mfc, R1336mzz(Z), and R1224yd(Z) 
• 5 K subcooling (∆TSC) (i.e. low heat sink temperature glide as in drying and steam generation applications) 
• 5 K minimum temperature difference within the IHX (∆TIHX between the state points 6 and 4) 
• No pressure losses in any components but in the expansion valve (isenthalpic expansion, h5=h4) 
• No heat losses in any components but heat exchangers (condenser, evaporator, IHX) 
The COP and the VHC were calculated according to Eq. (1) and (2) for a condensation temperature range between 60 
and 200°C at a fixed temperature lift of 70 and 30 K. The VHC was derived from the product of the enthalpy difference 
supplied to the heat sink (ℎ	 − ℎ) and the suction vapor density (). It describes the generated heat capacity per 
processed volume of refrigerant suction vapor and determines the compressor size and cost, and it influences the 
achievable experimental COP. The thermodynamic properties of the refrigerants were obtained from the EES fluid 
database, except for R1224yd(Z) which data was derived directly from literature (AGC Chemicals, 2017).  
 
2.4 Simulation results 
Figure 2 (a) shows the simulated COPs of the heat pump cycle with the different refrigerants as a function of the 
condensation temperature at a constant temperature lift of 30 and 70 K. The COPs exhibit an optimum, which is 
refrigerant dependent. The optimum occurs with condensation temperatures about 40 to 60 K below the critical 
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temperature. The optimum condensation temperatures for R1234ze(Z), R1224yd(Z), and R1233zd(E) are approx. 100 
to 120°C, respectively. R365mfc provides the highest COP of all refrigerants at condensation temperature above 
110°C with a maximum of about 3.2 (70 K lift) and 8.5 (30 K). R245fa exhibits the lowest COPs of all refrigerants. 
Above 80°C, the COPs of the HFO and HCFO refrigerants increase relative to R245fa, which is promising for HTHP 
applications in addition to the very low GWPs. The falling branches of the COP curves are associated with the 
narrowing of the two-phase region and the endpoint corresponds to the critical temperature of the respective fluid.  
Figure 2 (b) compares the different VHCs for the selected refrigerants. The VHC curves increase with condensation 
temperature, which is equivalent to a higher evaporation pressure (at a fixed temperature lift), and thus higher suction 
vapor density (Kontomaris, 2015). Close to the critical point, the VHCs tend to flatten due to the decreasing latent 
heat in the condenser. A higher VHC is advantageous for positive displacement compressors (e.g. pistons and screws) 
as it requires a smaller swept volume at a given capacity, and thus smaller size and investment costs. For temperatures 
above 120°C, R1234ze(Z) offers the highest VHC among the investigated refrigerants. In comparison, R1224yd(Z), 
R245fa and R1233zd(E) appear promising with VHC values ranging from 2’500 to 3’400 kJ/m3 at 130°C (and 70 K 
lift). The VHC values of R1336mzz(Z) are comparable to R365mfc and about 58% lower than R245fa resulting in a 
larger compressor. This is in agreement with other simulation studies where the decrease was about 65% (Kontomaris, 
2014) and 41% (Kontomaris, 2014) at slightly different assumptions of superheating (20 K), subcooling (10 K), and 




Figure 2. (a) Predicted COP and (b) VHC for the investigated refrigerants as a function of the condensation 
temperature at 30 and 70 K temperature lifts. (c) VHC versus COP at fixed temperature conditions. 
 
Figure 2 (c) compares the calculated VHCs and COPs of the different refrigerants at fixed temperature conditions. 
The closest “drop-in” replacement for R365mfc would be R1336mzz(Z), whose COP and VHC are nearly identical 
(approx. 3% lower COP and 16% higher VHC). R1224yd(Z), R1234ze(Z) and R1233zd(E) are closer to R245fa, 
although their COPs are about 3% lower respectively 9% higher than the corresponding R245fa value.  
Table 2 lists the simulated values including the discharge gas temperature (T2), the pressure ratios (pratio), and the 
pressure levels at 60°C evaporation and 130°C condensation temperature. R1234ze(Z) exhibits the highest compressor 
discharge temperatures, which is critical in terms of compressor and oil stability. To mitigate the effects of the 
relatively high compressor discharge temperatures some equipment modifications (i.e. cooling means) would be 
required. The calculated pressure ratios of 4.8 to 5.8 are achievable with common positive displacement compressors. 
Overall, the cycle analysis suggests that there is a tradeoff between efficiency (high COP) and capacity (high VHC) 
when selecting a refrigerant for HTHP application. 
 
Table 2. Simulation results of the heat pump cycle at fixed temperature conditions (∆TLift = 30 and 70 K).  
 


































R1233zd(E) 5 6.3 3.9 8.3 2.1 96.3 7.91 3’318 5 6.2 3.9 19.1 4.9 136.2 3.07 2’594 
R1234ze(Z) 5 12.8 5.2 10.8 2.1 102.8 7.86 4’284 5 21.2 5.2 24.6 4.8 151.2 3.06 3’426 
R245fa 5 4.5 4.6 10.1 2.2 94.5 7.74 3’926 5 3.0 4.6 23.4 5.1 133.0 2.82 2’808 
R365mfc 10.6 5 2.0 4.6 2.3 95 8.03 1’897 21.1 5 2.0 11.4 5.8 135 3.21 1’536 
R1336mzz(Z) 10.7 5 2.4 5.6 2.3 95 7.99 2’268 20.9 5 2.4 13.5 5.5 135 3.11 1’779 
R1224yd(Z) 6.7 5 4.4 9.3 2.1 95 8.05 3’602 6.4 5 4.4 21.1 4.8 135 2.91 3’247 
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3. SYSTEM DESIGN AND TEST PROCEDURE 
 
3.1 Experimental setup 
Figure 3 illustrates the laboratory scale HTHP setup and its schematic diagram. Table 3 lists the main components of 
the HTHP system, the hydraulic loops, and the sensors with their measurement uncertainties. All components used 
are commercially available standard components without modifications.  
 
   
Figure  3. Experimental set-up and schematics of the HTHP (Right: Insulated with heat source and sink circuits). 
 
Table 3. Components and instrumentation of the HTHP pilot plant. 
 
 Component Model type Manufacturer 
Description (max. allowed pressure, temperature), measuring 















Compressor 2DES-3Y New Ecoline Bitzer  13.4 m3/h at 50 Hz (1’450 rpm), POE oil: Reniso Triton SE 170  
Frequency converter Vacon 100 Vacon  30 to 60 Hz setting (870 to 1’740 rpm) 
Condenser B8LASHx30/1P-SC-M SWEP Plate heat exchanger, 0.708 m2 
Evaporator B25THx30/1P-SC-S SWEP Plate heat exchanger, 1.76 m2 
Internal Heat Exchanger (IHX) B5THx16/1P-SC-M SWEP Plate heat exchanger, 0.168 m2 
Oil separator Coalecent 922M Temprite Oil volume 0.4 L (max. 160°C, 45 bar) 
Dryer filter Multiplex 083 Hansa  Molecular sieve 3Å and aluminum oxide (max. 120°C, 60 bar) 
Sight glass SGP 10S N Danfoss With dry/moisture indicator (max. 80°C, 52 bar) 
Liquid receiver FS56 Bitzer Volume 5.6 L (max. 120°C, 33 bar) 
Suction line accumulator (SLA) FA-22 ESK Schultze Volume 3.5 L (max. 100°C, 28 bar) 
Expansion valve (EXV) MVL661.15-0.4 Siemens KVS = 0.4 m3/h, magnetic actuator (max. 140°C, 45 bar) 
3-way valve  M3FK15LX15 Siemens KVS = 1.5 m3/h, magnetic actuator (max. 120°C, 32 bar) 




















 Electrical heater 12R104-01 Backer ELC Pipe model, heating capacity 10 kW (max. 110°C) 






Turbine pumps, 1’000 to 4’000 rpm (max. 40 L/min, 180°C) 
30 to 60 Hz setting 
Rotary valves NEBM24.2-05 Nenutec 2-way ball valves, actuator modulating (max. 80°C) 
Water cooler WP4.24 (GBS400H-24) GEA WTT/Kelvion Plate heat exchanger, 0.77 m2 (max. 31 bar) 
Expansion tanks VS8 Solardirekt24 Volume 8 L, with EPDM membrane (max. 140°C, 10 bar) 
Safety relief valves Solar 253 Caleffi Solar Diaphragm safety valves (max. 160°C, 6 bar) 
Pressure gauges 232.50 WIKA (max. 200°C, 10 bar)  




s Pressure sensors PAA-21Y (piezoelectric) Keller 0 to 5, 10, and 50 bar (max. 120°C), max. 1.5% of full scale 
Thermocouples Type K (class 1) Alphasol Tec -25 to +400°C, ± 1.5 K (absolute), ± 0.1 K (differential) 
Power transmitter ITL-101 Infratek 0 to 15 kW range, 0.2% of measuring range + 0.1% of reading 
Volume flow transmitter SBT633 (mechatronic) IFM Electronic 0.3 to 25 L/min (max. 180°C), 5% accuracy, 1% repeatability  
 
The experimental setup consists of the actual HTHP system and two hydraulic loops for the heat source and heat sink. 
The heat source circuit simulates potentially available waste heat of 40 to 80°C from an industrial process and includes 
a controllable electrical heater, a water pump with adjustable volume flow, a diaphragm expansion tank, a safety valve 
and a vent valve. The heat sink simulates the HTHP application (e.g. potential steam generation or a drying process) 
and comprises a tap water cooler to release the produced heat to the environment. Pressurized water of 3 to 5 bar is 
used in both hydraulic circuits to prevent steam generation inside the loops. The water pumps are regenerative turbine 
pumps with magnet permanent synchronous motors (stable up to 180°C). Temperature resistant steam hoses (Goodall® 
Inferno models) connect the HTHP inlets and outlets to both hydraulic loops.  
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The actual HTHP consists of a simple heat pump cycle with an internal heat exchanger (IHX). The IHX transfers heat 
from the liquid refrigerant after the condenser outlet to the suction gas and thereby increases the suction gas 
temperature (T1) and ensures adequate superheating control. The refrigerant mass flow through the IHX can be 
continuously adjusted via a 3-way valve (with magnetic actuator and approx. 1 sec positioning time). A setting of 0% 
IHX corresponds to the operation of a simple heat pump cycle, while 100% fully incorporates the IHX into the cycle. 
A variable-speed semi-hermetic piston compressor drives the HTHP. An external frequency converter adjusts the 
compressor speed within the allowed limits (30 to 60 Hz corresponds to 870 to 1'750 rpm). An integrated PTC sensor 
prevents overheating of the motor windings. The switch-off temperature is at approx. 100°C. The ventilator of the 
compressor was turned off during the experiments. R1233zd(E) is used as a refrigerant (Solstice®zd from Honeywell), 
as it is non-toxic, non-flammable, environmentally safe, and offers a high critical temperature of 166.5°C. Its physical 
properties and theoretical performance are comparable to R245fa (see section 2). The refrigerant has been charged as 
gas at the reference point operating conditions (W60/W110), whereby the presence of the liquid state in the sight glass 
was checked. The filling charge is 4.2 kg. A coalescent oil separator is installed on the discharge side, which traps the 
oil and redirects it back to the compressor through an oil cooling tube. A POE oil with a viscosity of 170 mm2/s (at 
40°C) is used to achieve a sufficient lubrication at the high operating temperatures. A liquid receiver acts as refrigerant 
storage vessel. The condenser, evaporator and IHX are compact plate heat exchangers developed with low-pressure 
drop. The evaporator generates vapor from the externally supplied hot water at 60 to 80°C. The condenser transfers 
the generated heat (range of 70 to 150°C) to the heat sink loop. A suction line accumulator (SLA) prevents direct 
liquid entry into the compressor if the evaporator and IHXs are unable to superheat the fluid sufficiently. Temperature 
resistant Armaflex HT (max. 150°C) insulation is used to insulate the copper tubing. Not insulated are the oil separator, 
the liquid receiver, and the SLA. A series of temperature, pressure, flow rate, and power sensors are installed at several 
locations of the experimental system. The temperatures are measured by thermocouples (type K, class 1), which have 
been calibrated in a silicone oil bath from 20 to 110°C with an accuracy of ± 0.1 K. Thermocouples with differential 
temperature measurement (∆T) are installed at the inlets and outlets of the hydraulic loops (heat source and sink). The 
flow sensors in the respective hydraulic loops have been calibrated at 60°C with a certified Coriolis sensor (Promass 
83E from E+H). The repeatability in the operating range of the test conditions is ± 1%. A power analyzer measures 
the electrical power consumption of the compressor with an accuracy of ± 3 %. A CompactRIO Platform from National 
Instruments (cRIO-9022 with 8 slots) in combination with LabVIEWTM2017myRio is used for data acquisition and 
controlling the experimental set-up with a sampling time of 1 second.  
 
3.2 Test procedure and process parameters 
After heating up the HTHP system to a specific measurement point (see the experimental runs and process parameters 
in Table 4) and reaching steady state conditions, the HTHP was operated in steady state conditions for several minutes 
per run. Mean values were calculated and used for data analysis. The heat source inlet temperature was varied between 
40, 60 and 80°C and the heat sink outlet temperature between 70, 90, 110, 130, and 150°C. The electrical heater 
controlled the heat source inlet temperature () and the rotary valve at the water cooler inlet the heat sink inlet 
temperature (both by PI controls in LabVIEW). After reaching the desired heat source and heat sink temperatures, the 
speed of the water pumps were adjusted manually to fit a heat source temperature difference of 3.0 ± 0.1 K and a heat 
sink temperature spread of 5.0 ± 0.1 K, which is in accordance with the standard DIN EN 14511. The expansion valve 
controlled the superheating after the evaporator (PI control). A superheating of 5 K was set for all experiments. The 
suction gas superheating (∆) and the liquid subcooling (∆) were calculated using Eq. (3) and (4). The heating 
COP of the HTHP and the Second Law efficiency (η	) was determined by Eq. (5) and (6): 
 
∆ =  −         (3) 
∆ =  −         (4) 
 =   !"# = $%" ∙  ∙  ∙ ∆'  !"#    (5) 
η	 =  () *⁄  with  () * = , ,* $, ,* −  ,)-,'⁄  (6) 
 
where  corresponds to the water flow rate and ∆  is the temperature difference between outlet and inlet of the 
heat sink. The properties of water (%" and ) were fitted according to data listed in the VDI-Wärmeatlas (VDI, 
2006). The electrical power consumed by the compressor ( !") was used to calculate the COP. The electrical power 
consumed by the water pumps (0.25 to 1.75 kW each) and for controlling the heat pump unit (about 110 W) was not 
considered in the COP calculation. A parameter study examined the influence of the temperature lift (30, 50 and 70 
K), the compressor speed (30 to 60 Hz: 870 to 1'750 rpm), the temperature glide on the heat sink (5, 20, and 30 K), 
and the setting of the IHX (0 to 100%) on the Second Law efficiency (η	) and COP. 
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4. EXPERIMENTAL TEST RESULTS AND DISCUSSION 
 
Table 4 shows the examined process parameters and the results of the parameter study. The Figures 4 (a) to (f) illustrate 
the main findings graphically. Figure 4 (a) shows the performance map of the HTHP as a function of the investigated 
heat source and heat sink temperatures at 30, 50 and 70 K temperature lift. The COP increases with a smaller 
temperature lift (, ,* −  ,)-, ) and higher heat sink outlet temperature (, ,* ) according to Carnot’s 
relation (Eq. 6). At the reference point (Run 5 Ref, W60/W110, 50 K lift) a COP of 2.43 was reached with a 
reproducibility of 3.1% (∆COP = ± 0.08, standard deviation derived from 8 runs at different operating dates). The 
calculated measurement uncertainty of the COP was between 4 to 7 %. The maximum delivered heat sink temperature 
was 151°C from a heat source at 80°C (at a lift of 71 K, Run 9). In average, the discharge temperature (T2) was approx. 
5 K above the heat sink outlet temperature. 
Figure 4 (b) illustrates the same experimental COP data as a function of the , ,*  and the respective ∆./*. The 
decreasing COP curve at 70 K lift is attributed to (1) the narrower two-phase region for condensation closer to the 
critical temperature, as well as to (2) increasing heat losses (. 00) of the system due to natural convection and 
radiation at elevated temperatures, since the system is not insulated well yet. From the energy balance over the heat 
pump (. 00 ≈  ,)- +  !" − ) heat losses between 15% (at 70°C) and 45% (at 150°C) are estimated, 
leading to rather low Second Law efficiencies of 19 to 32%. For comparison, Fleckl et al. (2015) reported η	 values 
of 35 to 50%. Thus, there is considerable potential for optimization in insulation and room for efficiency improvement. 
Figure 4 (b) also shows the COP of the tests at ∆./*  = 50 K with 100% IHX (Runs 21, 22, and 23). The IHX leads 
to a COP increase of about 14% compared to the basic heat pump cycle. This is in agreement with experimental studies 
of Helminger et al. (2016), where an efficiency increase of 4 to 10% and 19 to 47% was reported at 35 K and 60 K 
temperature lift using an IHX and R1336mzz(Z). 
Figure 4 (c) shows the heating capacity () as a function of the heat source inlet temperature ( ,)-,). The 
heating capacity increases steadily with temperature at a given temperature lift (see Carnot’s relation Eq. 6). At the 
reference point conditions (Run 5 Ref), the heating capacity is about 5.1 kW. At W80/W111 (Run 7) a heating capacity 
of close to 10 kW could be measured. At this point, the HTHP setup reaches its experimental capacity limits.  
The graphs (d), (e) and (f) in Figure 4 show the influence of the compressor frequency, the heat sink temperature glide, 
and the IHX on the COP. Each process parameter was varied from the reference point condition (Ref), while the other 
parameters were kept constant. The compressor power and the heating capacity of the HTHP increased almost linearly 
with compressor frequency (speed). At about 50 Hz an optimal COP of the heat pump was reached. At lower 
frequency, the COP of the heat pump reduced indicating a less efficient operating region of the compressor.  
 
Table 4: Process and performance parameters of the experimental test runs (Run 5 Ref: Reference point conditions). 
 
No. 3456789,:; 34:;<,56= ∆3>:?= ∆3456789 ∆34:;< 3@ 3A ∆34B ∆34C IHX f DC5;E DFGHD D7H=:5 IC5JD K 4:;< K 456789 K >5LL ηA;E CMI 
 °C °C K K K °C °C K K % Hz bar bar - kW kW kW kW % - 
1 40 71 31 3.0 5.1 38 81 5.0 5.0 0 50 5.3 1.8 3.3 1.2 4.3 3.9 0.8 32% 3.6 
2 40 90 50 3.0 5.1 39 93 5.0 6.7 0 50 8.6 1.8 5.2 1.4 3.2 3.0 1.2 31% 2.3 
3 40 109 69 3.1 5.1 40 110 5.0 8.6 0 50 12.8 1.8 7.6 1.5 2.3 2.1 1.3 27% 1.5 
4 60 91 31 3.2 5.0 57 97 5.0 4.6 0 50 8.8 3.3 3.0 1.7 6.6 7.7 2.8 32% 3.8 
5 Ref 60 110 50 3.0 5.0 58 115 5.0 5.7 0 50 13.4 3.3 4.5 2.1 5.1 4.8 1.8 32% 2.4 
6 60 130 70 3.0 4.7 58 132 5.0 7.9 0 50 19.6 3.3 6.4 2.3 3.2 3.1 2.3 24% 1.4 
7 80 111 31 4.4 5.0 76 118 5.0 4.7 0 50 13.6 5.3 2.9 2.5 9.9 10.5 3.0 32% 4.0 
8 80 130 50 3.2 5.0 77 135 5.0 5.3 0 50 19.8 5.6 3.9 3.1 7.2 7.7 3.6 29% 2.3 
9 80 151 71 3.2 5.1 78 156 5.0 5.8 0 50 28.8 5.7 5.4 3.5 4.0 3.7 3.3 19% 1.1 
10 60 111 51 3.0 21.6 58 114 5.0 5.9 0 50 13.4 3.3 4.4 2.1 5.8 4.8 1.1 37% 2.8 
11 60 109 49 3.2 29.8 58 112 5.0 6.7 0 50 12.7 3.3 4.3 2.0 6.0 5.2 1.2 38% 2.9 
12 60 110 50 2.9 5.0 57 111 5.0 6.7 0 30 13.1 3.3 4.1 1.3 2.5 2.7 1.5 26% 2.0 
13 60 110 50 3.0 5.1 58 111 5.0 6.7 0 35 13.2 3.3 4.2 1.4 3.1 3.1 1.5 28% 2.1 
14 60 110 50 3.0 5.0 58 112 5.0 6.2 0 40 13.3 3.3 4.3 1.6 3.7 3.5 1.5 29% 2.2 
15 60 110 50 3.1 5.0 58 117 5.0 5.2 0 60 13.4 3.3 4.6 2.5 6.0 5.8 2.2 31% 2.4 
16 60 111 51 3.0 5.0 58 119 5.0 7.4 7.5 50 13.5 3.3 4.5 2.1 5.3 4.9 1.7 34% 2.6 
17 60 110 50 3.0 4.9 85 131 5.0 25.7 20 50 13.4 3.3 4.5 2.1 5.6 6.2 2.7 35% 2.7 
18 60 110 50 3.0 5.1 87 134 5.0 27.3 30 50 13.3 3.3 4.4 2.1 5.7 6.4 2.8 36% 2.7 
19 60 110 50 3.0 5.1 90 137 5.0 29.4 50 50 13.3 3.3 4.5 2.1 5.8 6.7 3.0 36% 2.7 
20 60 110 50 3.0 5.2 90 137 5.0 29.3 75 50 13.3 3.3 4.5 2.1 5.9 6.6 2.8 36% 2.8 
21 60 110 50 3.1 5.0 90 137 5.0 29.2 100 50 13.4 3.3 4.4 2.1 5.9 6.8 3.0 36% 2.8 
22 40 90 50 3.0 5.0 71 114 5.0 29.4 100 50 8.5 1.8 5.2 1.4 3.6 3.5 1.3 36% 2.6 
23 80 131 51 4.2 5.2 110 157 5.0 28.5 100 50 20.1 5.5 4.0 3.2 8.4 10.0 4.7 34% 2.7 
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Figure 4. Experimental performance data of the studied HTHP. (a) Operating map, (b) Temperature lifts, (c) 
Heating capacity, (d) COP vs. compressor speed, (e) COP vs. heat sink temperature glide, and (f) COP vs. IHX. 
 
Figure 4 (e) presents the effect of a higher heat sink temperature difference (∆) on the COP (Runs 5, 10 and 11). 
As the temperature glide rises (from 5 to 30 K), the subcooling increases (from 5.7 to 6.7 K) and the efficiency of heat 
exchange in the condenser improves, which leads to a 19% higher heating capacity and 21% higher COP. 
Figure 4 (f) shows the influence of the IHX on the COP from 0 to 100% setting of the 3-way valve. The expansion 
valve is controlled by the superheat at the evaporator outlet (not IHX outlet), which means that the superheating area 
in the evaporator remains constant. Compared to the basic heat pump cycle (0% IHX setting, Ref), the suction gas is 
additionally superheated in the IHX. As the mass flow rate through the IHX increases, the COP as well as the 
compressor suction () and discharge temperatures (	) increase. The COP levels off with increasing IHX flow, 
indicating a sufficiently large IHX heat exchanger. During operation, the regulation with the 3-way-valve and the 
addition of the IHX ensures flexibility in superheating control, which is promising for future applications using 
alternative low GWP refrigerants exhibiting high superheating requirements (Reißner et al., 2013). Too high discharge 
gas temperatures are confined by the switch-off temperature of the compressor. For the operating point W80/W131 
(Run 23) the suction () and discharge temperatures (	) were 110°C and 157°C respectively and thus close to the 
set compressor limit. 
 
After the presented first experimental test results with the newly developed HTHP and the refrigerant R1233zd(E), an 
experimental review revealed the following optimization potentials for further studies: 
• Improvement of the insulation of the HTHP system to reduce the heat losses at elevated temperatures. A 
significant increase in efficiency is expected as the COP increases proportionally with lower heat losses. 
• Reduction of the actual measurement uncertainties by implementation of more precise temperature 
measurement with calibrated PT100 sensors and a temperature-resistant Corriolis flow meter on the heat 
sink side. 
• Performing further tests with alternative refrigerants with low GWP (see section 2) which also allow heat 
sink temperatures above 150°C. For comparison, Helminger et al. (2016) reported heat sink temperatures of 
almost 160°C with the HFO refrigerant R1336mzz(Z). COP values of 2.7 were achieved with a temperature 
lift of 45 K (heat source to sink temperatures). Fleckl et al. (2015) reached 150°C with a COP of 2.4 and a 
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5. CONCLUSIONS 
 
Theoretical simulations of a basic heat pump cycle with various low GWP HFO and HFCO refrigerants revealed a 
tradeoff between performance (COP) and volumetric heating capacity (VHC). R1336mzz(Z) was found to be the next 
drop-in replacement for R365mfc. The performance figures of R1224yd(Z), R1234ze(Z) and R1233zd(E) were closer 
to R245fa. Based on those findings, a laboratory scale high temperature heat pump (HTHP) was designed, built and 
tested with the commercially available HFCO refrigerant R1233zd(E). Standard components were used to construct 
the experimental test setup. The developed HTHP is single-stage, operates with a piston compressor and contains a 
continuously adjustable internal heat exchanger (IHX) for superheating and efficiency increase. The use of the IHX 
increased the heating COP significantly (+14%) compared to a simple heat pump cycle. The heat pump circuit is 
relatively easy to control. The basic functionality of the developed HTHP system for potential industrial process 
applications (e.g. drying processes or steam generation) could be demonstrated by operating the heat pump at heat 
source temperatures of 40 and 80°C and heat sink temperatures between 70 and 150°C. At the reference point condition 
(W60/W110, 50 K temperature lift) a COP of 2.43 was reached. The performance data of the HTHP could be examined 
at 30, 50 and 70 K temperature lifts over the entire operating map. In particular, a COP increase of 21% was achieved 
by increasing the heat sink temperature difference from 5 to 30 K. The results are promising as the developed HTHP 
system allows testing alternative HFO and HCFO refrigerants like R1336mzz(Z) and R1224yd(Z) in the future. 
Further efficiency improvements can be achieved through the reduction of thermal losses at elevated temperatures by 




 coefficient of performance (–)  
%" specific heat capacity (kJ/kg-K) 
 density (kg/m3) 
∆ temperature difference (K) 
GWP global warming potential, 100 years 
ℎ enthalpy (kJ/kg) 
HCFO  hydrochlorofluoroolefin   
HFC hydrofluorocarbon  
HFO hydrofluoroolefin    
HTHP high temperature heat pump  
IHX internal heat exchanger 
ODP ozone depletion potenial 
 pressure (bar)  
P electrical power (kW)  
POE polyolester oil  
  heating capacity (kW)  
Ref reference point conditions 
 
SG safety group classification 
 temperature (°C) 
VHC volumetric heating capacity (kJ/m3) 
  volume flow (m3/s) 
 
Subscripts   
Comp compressor 
Cond condensation, condenser 
crit critical temperature 
Evap evaporation, evaporator 
IHX internal heat exchanger 
in inlet 
Lift temperature lift 
out outlet 
Sink heat sink 
Source heat source   
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